Abstract-In this paper, a near-field to far-field (NF-FF) transformation for the case of spherical scanning using equivalent magnetic currents (EMCs) and matrix methods is addressed. It is based on the decoupling of the field components and the iterative retrieval of the radial component of the electric field. The technique is applied for far-field calculation as well as for the estimation of the current distribution of the antenna under test (AUT) using spherical near-field facilities. Results from measured near-field data of several antennas are presented and compared to those of the analytical solution via a spherical wave mode expansion method.
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I. INTRODUCTION
N EAR-FIELD scanning over canonical surfaces-planar, cylindrical, and spherical-is often used to obtain the far-field pattern characteristics of an antenna under test (AUT) via near-field to far-field (NF-FF) transformation algorithms. Spherical scanning is most versatile in the sense that it makes it possible to obtain the radiation pattern over the entire angular span of any arbitrary antenna. Spherical NF-FF transformation techniques based on a modal expansion in spherical waves has been widely used [1] , [2] . In these techniques, the convergence of the series representation makes it necessary to have a knowledge of the near field over an angular interval sufficiently greater (depending on the maximum AUT dimension and acquisition distance) than the desired far-field angular interval. Diagnosis tasks in those techniques, can be done through the Fourier transform to obtain the aperture field from the far field.
Finally, NF-FF transformation [3] and diagnosis [4] can be accomplished using arbitrary scanning surfaces with a matrix method formulation based on the reconstruction of some equivalent current distribution over that arbitrary surface. One characteristic of the matrix techniques is that it gives the best farfield solution (in the least squares sense) for a given near-field data set. In this way, it has been experimentally observed that near-field scanning is only required in the desired far-field angular interval. inherent in a matrix method formulation yields the possibility of performing diagnosis tasks in some type of antennas, such as planar arrays and aperture antennas, since the method gives the best solution⁄ of the equivalent sources (field at the aperture) for a given near-field data set. However, a large system of equations appears when directly applying numerical matrix methods to the resultant integral equations relating source components and electric field components.
In fact, in a general equivalent problem for spherical nearfield scanning, two components (tangential to the surface enclosing the AUT) of both the equivalent magnetic and equivalent electric currents must be used. When reconstructing over an infinite plane, only one type of equivalent currents can be used, but still two components of this equivalent currents are needed. So, finally, two coupled integral equations arise when relating electric field components (angular components over the spherical scanning surface) and the equivalent source components along an infinite plane (the antenna plane). When solving numerically the integral equations one needs to solve a large system of equations.
In this paper, after establishing the equivalent problem with only an equivalent magnetic current (EMC) distribution, an alternate formulation is presented. The formulation is based on the decoupling of the two integral equations under an assumption of a zero value of the radial component of the electric field. Then, each integral equation can be solved independently for each component of the EMC. The numerical solution of each integral equation is performed by minimizing a least squares error functional. This approach works well when measurements are performed in the Fresnel region [4] . For a more general acquisition distance and in order to overcome the limitations resulting from neglecting the radial electric field, an iterative algorithm that retrieves the radial component of the electric field is proposed.
In order to compare this technique with the modal expansion technique, a numerical code utilizing the NF-FF transformation based on a wave mode expansion [2] has been used to calculate the radiation patterns from synthesized and measured near-field data. Synthesized data from radiating configurations, where the radial component of the electric field cannot be neglected, have been used to assess the accuracy of this method. Results using both the radial field retrieval technique and the modal expansion technique have been presented for most of the examples.
Special attention has been paid to experimental validation. The measured near-field data from a reflector antenna has been used to calculate the far-field pattern and to reconstruct the field at the antenna aperture. Also, the analytical solution for the 0018-926X/02$17.00 © 2002 IEEE far-field pattern with a wave expansion method has also been calculated for comparison purposes. Other measured data have been used to illustrate the applicability of the proposed radial field retrieval technique.
II. EQUIVALENT CURRENT RECONSTRUCTION FROM SPHERICAL DATA
To reach the final matrix formulation, an equivalent problem is established with an EMC distribution over an infinite plan that coincides with the antenna plane (aperture plane, layer of impressed radiating elements in the case of two-dimensional (2-D) arrays, or a virtual plane "enclosing" the antenna). For numerical purposes, the domain of this EMC distribution is truncated at some distance from the antenna where the tangential electric field can be neglected. Then, for the external equivalent problem, a relation between the field radiated by the original AUT and the EMC density distributed over the plane can be written as the vector integral equation (1) where is an integral operator that includes the Green function in an unbounded medium. Considering the particular case of spherical scanning, two scalar integral equations appear in such a way that each angular component of the electric field depends on both the Cartesian components of the EMC density. Therefore (2) Under this standard representation, a great number of unknowns representing the EMC distribution are typically involved in the numerical solution of this system of integral equations. However, two independent integral equations can be obtained if we neglect the radial component of the measured near field. Under this assumption, the Cartesian components of the electric field can be obtained from the acquired angular components of the electric field with the following approximation:
Now, an integral equation relating the Cartesian EMC components and Cartesian field components can be used. If the observation point is represented by the spherical coordinates and the source points are represented by the Cartesian components , then the field due to an EMC distribution over the plane can be written as [8] (4) (5) (6) where is wavelength is the wavenumber, and is the distance between each source points and the observation point. The advantage of this representation is that two decoupled integral equations are obtained, each relating one Cartesian component of the electric field to one Cartesian component of the EMC distribution. Only half the number of unknowns of the conventional matrix representation derived from (2) is involved in the solution of each of the integral equations.
Each of the integral equations (4) and (5), relating the field components to the EMC components, are solved numerically. This is done by expanding each EMC in terms of a subdomain-type basis function and then determining their amplitudes through the minimization of a cost function.
Let us represent the scalar measured data corresponding to one of the electric field components by the vector which is due to an EMC , by the vector ; so that . Here is the vector corresponding to a discretized representation of the corresponding EMC component over the surface . Then a positive semidefinite cost function can be defined (7) From (7), a quadratic form in can be easily obtained (8) where is related to the Hessian matrix, , and , are the transpose and conjugate, respectively, of the vector representing the EMC distribution. Then the optimization procedure to obtain reduces to finding the minimum of the quadratic form. By taking the first derivative and setting it to zero, results in (9) 
III. RADIAL ELECTRIC FIELD RETRIEVAL ALGORITHM
The approximation used in (3) can provide good results in certain cases when measuring in the Fresnel region of a test antenna in a near-field spherical scanning range. However, the above formulation is not general and is not accurate under general conditions. If due to the electric size of the antenna and the scanning distance, it can happen that the values of the angular components of the electric field are no longer greater than the radial component, hence, the radial component of the electric field cannot be neglected and one cannot use directly the formulation established in (3)- (6) .
In order to evaluate the radial component of the electric field when transforming to the Cartesian components from its angular components, an iterative algorithm for the radial field retrieval is proposed. As a starting point, the value of the radial component of the electric field is set to zero and an initial EMC reconstruction step is performed according to the formulation previously presented. With this first estimate of the EMC distribution, the electric field over the hemispherical scanning surface is calculated, replacing the zero values of the radial component by the calculated ones at each scanning point. Now the Cartesian components of the measured field are calculated using both the angular and radial field components. A new EMC is then computed. The iterative procedure continues until the predefined accuracy of the solution is achieved. The steps of the algorithm are summarized as follows. (4) and (5) for , , respectively. 4) Calculate the radial component of the electric field , from the magnetic current components , . 5) Calculate of the Cartesian components of the electric field , , from the scanned angular components , , and the estimated radial component . 6) Go to 3) for the next iteration.
IV. RESULTS
A. Synthesized Results
2-D Magnetic Current Distribution:
First, synthesize nearfield data from a known EMC distribution. This is then used to verify the proposed radial reconstruction algorithm. An ac- quisition distance, close enough to the radiating structure, has been selected so that the radial component of the electric field cannot be neglected. The nominal EMC distribution, from the near-field data have been synthesized, as well as other parameters of the simulation are described in Table I . Scanning increments of 1 and 1 have been considered for synthesizing the near-field data; and a discretization of the source domain using 10 10 source cells has been considered for the near-field synthesis as well as for the source reconstruction.
In Figs. 1 and 2 , the reconstructed EMC distribution (amplitude and phase of the component) for various iterations of the radial field retrieval algorithm are compared to the nominal EMC distribution. In Fig. 3 , a comparison between the far-field pattern due to the nominal EMC distribution and the far-field pattern calculated from the reconstructed EMC distribution for several iterations of the radial field retrieval algorithm is presented. 
B. Measurement Results
Linear Patch Array: A commercial base-station antenna for mobile communications of 1.5-m length was measured at the near-field spherical facility of Grupo de Radiacion-Universidad Politecnica de Madrid, at a frequency of 1.8 GHz, with a scanning radius of 3.3 m and scanning increments of 1 and 1 . The calculated copolar and cross-polar components of the far field in the -plane (polarization along the array direction) using the proposed numerical algorithm based on the equivalent currents as well as using the spherical wave expansion of [2] and the SNIFTD software [7] are shown in Figs. 4 and 5. In this case, no iterative process for the calculation of the radial field is needed (at iteration 1, zero value of the radial component is considered) to obtain results using the equivalent current algorithm. Near-field data in the front hemisphere have been used in the EMC algorithm while complete spherical near-field data are considered for the spherical wave expansion results. Under these premises, the calculation of the far field in the front region (32 851 points) with the equivalent current-radial field retrieval algorithm is 17 times faster than with the spherical wave expansion method. [2] .
Patch Array:
The near-field data of a square planar array of 32 32 patches, at 3.3 GHz, measured over a spherical surface of radius 1.23 m was used to validate the proposed algorithms. This data set which is referred to in the iterative radial field retrieval algorithm, the field at the antenna plane (EMC distribution), and the far-field pattern in the main planes were calculated. The results of the copolar far field in the main planes are compared to the results of the analytical spherical wave expansion technique in Figs. 6 and 8 . The results of the EMC technique have been calculated with four iterations of the radial field retrieval algorithm. Results with both techniques are undistinguishable except close to grazing angles, where discrepancies are due to the truncation of the equivalent current domain that imposes a zero value of the tangential electric field outside this domain in the EMC technique. The degree of agreement in the cross-polar results with both the techniques can be observed in Figs. 7 and 9 . The reconstructed electric field at the plane of the antenna, in both amplitude and phase, are shown in Fig. 10 , where a 1.6-m 1.6-m domain and 64 64 cell elements were used to reconstruct the EMC. In Fig. 10 , the outlines of the radiating structure are visible. For a complete far-field pattern in the front of the antenna with 1 increment for both the angular coordinates, the equivalent current-radial field retrieval algorithm results are achieved in a CPU time five times faster than the CPU time used with the spherical wave mode expansion algorithm with 134 modes.
90-cm Reflector Antenna: An aperture antenna has also been used for experimental verification. For that purpose, the near field data of a 90-cm reflector antenna was measured on the spherical near-field range of the Laboratorio Ensayos (El Casar de Talamanca, Madrid). The radial distance of the spherical scanning was 126 cm and the frequency of operation was 10.7 GHz. For this configuration, the AUT produces an electric field with some nonnegligible radial component. Only scanned near-field data in the range 0 40 , 0 360 , with angular increments 0.5 and 0.75 , were used as input for the source reconstruction-radial field retrieval algorithm. The far-field pattern results are shown in Figs. 11-14 . Even for this close acquisition distance, it can be seen that reliable far-field results can be obtained for the copolar 0 -plane without performing radial component retrieval (iteration 1). However, in some directions, the zero radial field assumption is not accurate enough. This is the case for the cross-polar far field in the 90 -plane, whose results are shown in Fig. 14 . In that plane, if the radial field component is neglected, the proposed EMC reconstruction gives a far-field result that differs from the one obtained with spherical wave expansion at levels around 30 dB near the broadside 0 direction. However, after a complete iteration of the radial field retrieval algorithm, the calculated results agree with those of the wave expansion method. Segmentation of the source domain using 80 80 cells was performed for the EMC reconstruction purpose. The intermediate results of the amplitude of the EMC distribution (components of the tangential electric field) over a domain of 1 m 1.2 m in the aperture plane are shown in Fig. 15 ; the circular geometry and the feeding blockage can be seen in this figure. V. CONCLUSION An equivalent source reconstruction and NF-FF transformation method has been presented for the case of spherical scanning. The method makes use of a radial component retrieval algorithm in an iterative fashion. This algorithm is based on the decoupling of the integral equations appearing in the source reconstruction algorithm, reducing to half the number of unknowns that must be handled in the matrix solution and increasing the computational efficiency over traditional NF-FF matrix methods for the spherical scanning case. Just a few iterations are typically required for accurate NF-FF transformation while diagnosis can require more refinement. A comparison with the technique based on the spherical wave-mode expansion has been performed in terms of far-field results. The results of this comparison together with the computational efficiency and the possibility of performing direct diagnosis tasks, make the presented technique an interesting alternative in the area of near-field antenna measurements. 
